Induction of heterocysts in the blue-green alga Anabaena sp. L-31 is totally inhibited by potassium nitrate in batch cultures whereas in continuous cultures no inhibition is observed at high dilution rates. When nitrate is utilized ammonia accumulates in the growth medium, the quantity of extracellular ammonia declining with increasing dilution rate.
INTRODUCTION
Many filamentous blue-green algae are characterized by the presence of differentiated cells called heterocysts. These cells have been implicated in a variety of functions such as reproduction, storage, separation of hormogonia and spore formation (Desikachary, I 959 ; Fay, Stewart, Walsby & Fogg, 1968) . Although heterocysts may perform more than one function, some evidence suggests that they are principally the sites of nitrogen fixation in blue-green algae (Fay et al. 1968) .
Of relevance to the question of heterocysts being sites of nitrogen fixation is the general observation that heterocysts disappear in the presence of combined nitrogen (Fogg, I 942, 1949; Pandey & Mitra, 1962; Fay, Kumar & Fogg, 1964; Stewart, 1964; Mickelson, Davis & Tischer, 1967; Talpasayi & Kale, 1967; Stewart, Fitzgerald & Burris, 1968) . Compounds which inhibit heterocyst production include nitrate, nitrite, ammonia and other nitrogeneous substances, ammonia being the most effective. However, the mechanism of this inhibition has not been clearly understood. Recently we (Thomas, David & Gopal-Ayengar, 1970) showed that nitrate per se does not inhibit heterocyst production and that ammonia is most likely to be the ultimate cause for the inhibition. Here we report studies in batch and continuous cultures of Anabaena sp. L-31 to further elucidate the physiology of inhibition of heterocysts.
After reaching saturation density, 300 ml. of algal suspension grown in batch culture were transferred to the fermentor and 300 ml. of fresh nitrate-containing medium added. The suspension, after being allowed to continue as batch culture until saturation density was reached, was switched to the continuous phase by maintaining identical rates of inflow of fresh nitrate medium and outflow of algal suspension. The rate of flow of medium was controlled by a peristaltic pump and outflow of algal suspension was maintained by the cheniostatic overflow method.
Daily measurements were made of turbidity, cell number, cell size, heterocyst frequency, filament length and extracellular ammonia. Extinction was measured at 450 nm. using
Bausch & Lomb Spectronic 20 spectrophotometer. Cell number was determined in a Neubauer Levy Ultraplane counting chamber, and cell size was measured with a Carl Zeiss Jena micrometer eye-piece and micrometer slide. The standard steam distillation procedure was used for estimating extracellular ammonia (Bremner, 1965) .
RESULTS
Rapid growth occurred on transferring the batch cultures from the conical flasks to the fermentor after dilution with fresh nitrate medium (Fig. I ). Thorough mixing in the fermentor facilitated the high rate of growth which was registered at an agitation rate of nearly 1000 rev. min. The steep fall in average filament length ( Fig. I) did not seem to hamper growth.
After switching the culture to the continuous phase, three steady-state levels were obtained when the corresponding flow rates were 125, 350 and 420 ml./day (dilution rates of 0.2 I , 0.58 and 0.70 respectively). The first steady state was obtained only after 7 days because of the low dilution rate, whereas the second and third steady states were obtained within 2 days after switching to a new rate. Physiology a f heterocyst production in Anabaena
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The frequency of heterocysts (Fig. I) declined with growth in nitrate medium and reached a value of zero before the first steady-state phase. There was no change in this value during the first and second steady-state phases of growth. However, induction of heterocysts was observed one day after switching to the third dilution rate. Thereafter, frequency of heterocysts increased linearly with time. At this stage the average filament length declined further, which suggested that breakage of filaments was facilitated by heterocysts (Fig. I) .
Extracellular ammonia (Fig. I) decreased with the decline in turbidity, and heterocysts were induced when the ammonia concentration had fallen from 4-2 to 3 pg./ml. In continuous culture, release of ammonia per cell increased with increasing dilution rate and the consequent decrease in cell number (Fig. 2) . Negative correlation was observed between the first two steady-state values for cell number and release of ammonia per cell. During the third steady-state phase, release of ammonia per cell increased greatly, showing a distinct correlation with induction of new heterocysts (Fig. 2) . The inverse relation between release per cell and cell number was independent of the type of experiment. In Fig. 3 values from different experiments for release of ammonia per cell are plotted against cell number and the data include cultures in batch and continuous phases of growth. Induction of heterocysts occurred in all cultures when the release of ammonia per cell exceeded 2 x 1 0 -l~ pg. or more.
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The cells invariably enlarged with increase in dilution rate in continuous culture (Fig. 2 ) . This enlargement, however, did not compensate for the reduction in cell number. The increase in cell size amounted to only 35 %, whereas cell number was reduced by go %. There was an apparent relation between increase in cell size and release of ammonia per cell (Fig. 2) . However, cell size alone did not seem to account for the increase in ammonia release (Fig. 3) . That is, the straight-line relationship observed between increasing ammonia release per cell and decreasing cell number was still maintained when the product of cell number and cell size was taken as an index of growth and not cell number alone.
The rate of growth increased considerably in continuous culture ( Table I) . In batch cultures fresh synthesis of cell material was 20-5 mg./day, whereas in continuous culture this 130
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increased to 2 3 -j me. during the first dilution rate and more than doubled (45'0 mg./day) during the second dilution rate. This enhanced rate was retarded (36.4 mg./day) during the third dilution rate, possibly by excessive washing out of the suspension. 
D I S C U S S I O N
Although many forms of combined nitrogen have been known to inhibit heterocyst production the physiology of this inhibition is not clear. Fogg (1949) suggested that low intracellular level of a reduced nitrogeneous substance, probably ammonia, causes normal cells to differentiate into heterocysts, though no experimental confirmation is available so far. The present results are in agreement with Fogg's suggestion and clearly endorse our earlier findings .
Although high levels of extracellular ammonia showed correlation with inhibition of hetel-ocysts, the release of ammonia per cell was more significant. The production of cellular mimonia through nitrate assimilation sustained the increase in growth rate during the first and second steady states in continuous culture. During the third steady state, however, further increase in dilution rate enhanced the rate of ammonia release per cell and it seems reasonable to conclude that consequently there was substantial reduction in the cellular level Physiology of heterocyst production in Anabaena 1 3 1 of ammonia. Under these conditions the requirement of cellular ammonia did not seem to be met by nitrate assimilation, and heterocysts were induced, possibly permitting the organism to compensate for this reduced availability of ammonia by converting molecular nitrogen to ammonia.
Recently Stewart, Haystead & Pearson (1969) produced strong biochemical evidence indicating the location of nitrogen-fixing activity in heterocysts. High oxygen tension is known to inhibit nitrogenase activity (Fay & Cox, 1967) and we (Thomas, 1970 ; Thomas et al. I 970) have demonstrated the absence in heterocysts of photosystem I1 of photosynthesis responsible for the evolution of molecular oxygen. The present results also support the view that heterocysts are the possible sites of nitrogen fixation in blue-green algae. However, Smith & Evans (1970) observed distinct nitrogenase activity in vegetative cells of Anabaerza cylindrica which cast some doubt on heterocysts as the sole sites of nitrogen fixation.
